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Introduction {#sec001}
============

Till September 2008, more than 294,000 children had been found affected by melamine- contaminated milk powder in China \[[@pone.0142564.ref001]\]. Over 50,000 were children with serious illness and at least six were dead \[[@pone.0142564.ref001]--[@pone.0142564.ref003]\]. Thus melamine contamination has attracted intense panic and widespread concerns.

Melamine (2, 4, 6-triamino-1, 3, 5-triazine), a chemical material, is most commonly used in plastics, coatings, commercial filters, glues, dishware, and flame retardants \[[@pone.0142564.ref004],[@pone.0142564.ref005]\]. Previous studies have demonstrated that melamine alone is not considered acutely toxic with a high LD~50~ in animals, and the oral LD~50~ ranges from 3.2 g/kg to 7.0 g/kg in mice \[[@pone.0142564.ref006]\], which is believed to have low acute oral toxicity. However, long-term exposure to melamine could lead to infertility and fetal toxicity in animals. Melamine has been reported to induce oxidative stress and cause oxidative disorders in the NRK-52e cells and PC12 cells \[[@pone.0142564.ref007],[@pone.0142564.ref008]\].

Oxidative stress behaves imbalancedly between the production of reactive oxygen species (ROS) and numerous enzymatic and non-enzymatic antioxidants \[[@pone.0142564.ref009],[@pone.0142564.ref010]\]. Excessive ROS can damage lipids, fatty acids, proteins and oxidative DNA, leading to structural and functional disruption of the cell membrane, inactivation of enzymes and cell death \[[@pone.0142564.ref011]--[@pone.0142564.ref013]\].

ROS, the oxygen containing molecules, are classified into three types including radical(O2−), hydroxyl radical (OH) and non-radical (H~2~O~2~) \[[@pone.0142564.ref014]\]. In cells, the antioxidant defense machinery has three major antioxidant enzymes, including glutathione peroxidases (GPX), superoxide dismutase (SOD) and catalase (CAT), as well as numerous non-enzymatic antioxidants, such as reduced and oxidized glutathione \[[@pone.0142564.ref009]\]. Among three enzymatic antioxidants, SOD catalyzes the conversion of O~2~- to H~2~O~2~, while GPX and CAT further degrade the end product to water (H~2~O) \[[@pone.0142564.ref010],[@pone.0142564.ref015]\].

Recent research on the toxicity of melamine has mainly focused on renal toxicity due to the crystal formation and lesions to the liver \[[@pone.0142564.ref016],[@pone.0142564.ref017]\]. However, it has been less extensively investigated on the reproductive toxicity in female animals. Compared with other systems, the reproductive system is more sensitive to toxic chemicals \[[@pone.0142564.ref018]\], and it has been shown that oxidative stress can lead to a number of reproductive diseases \[[@pone.0142564.ref015],[@pone.0142564.ref019]\]. Our most recent report indicates that melamine disrupts mouse oocyte maturation via perturbing the cytoskeleton and epigenetic modifications \[[@pone.0142564.ref020]\]. Here, we further show the effect of melamine on the follicle development via the oxidative stress pathway, providing additional evidence regarding the toxicity of melamine on the female reproductive system in mammals.

Result {#sec002}
======

Effect of Melamine on ROS Levels in Oocytes {#sec003}
-------------------------------------------

Elevated ROS levels are a direct indicator of oxidative stress in biological systems. To examine whether melamine induces oxidative stress in mouse oocytes, we measured the ROS levels of oocytes by immunofluorescence. As shown in [Fig 1](#pone.0142564.g001){ref-type="fig"}, compared to the control GV oocytes, the treatment oocytes had big accumulated spots inside the nuclear and exhibited significantly increased levels of ROS in statistics (P \< 0.05).

![Effect of melamine on ROS levels in oocytes.\
(A) ROS were stained with Intracellular ROS Red Fluorescence Determination Kit (GENMED, Shanghai, China) (white arrow) and examined by fluorescent microscopy. (B) Average ROS fluorescence intensities in the nucleus were determined in mouse oocytes. The level of ROS was significantly increase in treatment groups (10 mg/kg/day: n = 11, 50 mg/kg/day: n = 12) compared to control group (n = 11). \*Significantly different (P \<0.05).](pone.0142564.g001){#pone.0142564.g001}

Melamine Treatment Affects Gene Expression of Antioxidant Enzymes {#sec004}
-----------------------------------------------------------------

Because melamine induced oxidative stress in oocytes, experiments were conducted to determine if it could change the expression of antioxidant enzymes that are required for detoxification and decrease of the ROS levels. To do this, transcripts of GPX, SOD and CAT were detected in mouse GV oocytes. As shown in [Fig 2](#pone.0142564.g002){ref-type="fig"}, the expression of GPX in the low-dose treatment group was remarkably higher than that of control group (P \< 0.01), but the high-dose treatment group was similar to that of control. As for the expression of SOD, the high-dose group was significantly higher than the control group (P \< 0.01), and there was no significant difference between low-dose and control groups. However, CAT transcripts could not be detected in mouse oocytes.

![Effect of melamine exposure on the expression enzymes genes.\
(A) Transcripts encoding for GPX, SOD (lanes G, S respectively) were detected at the GV stage in mouse oocytes. Transcripts encoding for Cat (lane C) were not observed at the GV stage. (B) The expression levels of GPX, SOD in oocytes by Quantitative PCR analysis. In the low group, GPX expression levels were significantly enhanced compare to control group. (C) About SOD expression levels, in high-dose group were remarkably increase than that of control group and there was no significant difference between low-dose group and control group. Data show the means ± SE from at least three separate experiments. \*\* P \< 0.01 compared to control.](pone.0142564.g002){#pone.0142564.g002}

Melamine Treatment Changes the Activity of Antioxidant Enzymes {#sec005}
--------------------------------------------------------------

Since the expression of the key antioxidant enzymes was altered in melamine-treated oocytes, we further assessed the effects of melamine on the activity of GPX and SOD in mouse ovaries. As shown in [Fig 3](#pone.0142564.g003){ref-type="fig"}, the activity of GPX in the low-dose group was significantly higher than that of control group (P \< 0.01), but the high-dose group showed no statistically significant difference compared to control group. For the activity of SOD, the low-dose group was remarkably higher than that of control group and there was no significant difference between high-dose group and control group.

![Effect of melamine on antioxidant enzyme activity in ovaries.\
In low group, GPX activity was significantly enhanced compare to control group. SOD activity was increased after exposure to 10mg/kg/d melamine compared to the control. Data show the means ± SE from at least three separate experiments. \*P\<0.05; \*\* P \<0.01 versus control.](pone.0142564.g003){#pone.0142564.g003}

Effect of Melamine on the Ovary Morphology {#sec006}
------------------------------------------

To ask if there is any damage to the ovaries after melamine exposure, we performed the HE staining to observe their morphological changes and the number of oocytes. As presented in [Fig 4](#pone.0142564.g004){ref-type="fig"}, normal ovarian architecture and morphology with regular normal follicles were observed in the control group. In treatment groups, however, the atretic follicles increased in the ovaries, and the number of normal oocytes decreased compared to the control group.

![Effect of melamine on ovarian and histological analysis of the ovary.\
Hematoxylin and eosin staining was performed on paraffin sections of mouse ovary. The follicles showed normal cell associations with a lot of granulosa cells in the control group. The granulosa cells apoptosis and disrupted structure in the treatment groups. Data show the means ± SE from at least three separate experiments. \*\*P \<0.01 versus control.](pone.0142564.g004){#pone.0142564.g004}

Discussion {#sec007}
==========

Melamine is a nitrogen heterocyclic triazine compound that is widely used as an industrial chemical, and the toxicity of melamine was thought to be low in mammals. However, some studies have reported that animals and infants were affected by the food containing melamine \[[@pone.0142564.ref002],[@pone.0142564.ref003],[@pone.0142564.ref021]\]. Long-term exposure to melamine could lead to infertility and fetal toxicity in animals \[[@pone.0142564.ref022],[@pone.0142564.ref023]\], and to induce oxidative stress to cause the oxidative disorders in the NRK-52e cells and PC12 cells \[[@pone.0142564.ref007],[@pone.0142564.ref008]\]. Also, previous report by us has shown that melamine affects mouse oocyte maturation via cytoskeleton, apoptosis and autophagy induction, and epigenetic modifications \[[@pone.0142564.ref020]\].

In the present study, we further explored the possible mechanism regarding the effect of melamine on the follicle development and ovary formation. We found that melamine increases ROS levels, changes the expression and activities of SOD and GPX, and induces granulosa cell apoptosis as well as follicle atresia in the melamine-treated oocytes and ovaries.

Oxidative stress occurs when the production of oxidizing agents exceeds the antioxidant capacity of cellular antioxidant systems, which raises the physiological level of ROS, including free oxygen species and peroxides. Any disruption of this defense system will cause accumulation of ROS and lead to oxidative stress\[[@pone.0142564.ref024]\]. Oxidative stress plays an important role in endocrine disruptor-mediated dysfunction in the reproduction, and it is thought that ROS may serve as an early marker for toxicity evaluation \[[@pone.0142564.ref011]\]. ROS and antioxidants have been implicated in the regulation of follicle development, oocyte maturation, in both human and animal models \[[@pone.0142564.ref025],[@pone.0142564.ref026]\]. In this study, the increased level of ROS after exposure to melamine indicated the excessive production of oxidizing agents in the oocytes.

GPX, SOD1 and CAT are the key players functioning in the process of oxidative stress. CAT transcripts cannot be detected in mouse GV oocyte, which is consistent with a previous report that CAT transcripts were not detected either in mice or in human oocytes, regardless of the stage of maturation \[[@pone.0142564.ref027]\]. Both SOD and GPX can be detected in oocytes and were altered by the treatment of melamine. SOD, GPX and non-enzymatic antioxidants play important roles in neutralizing ROS and protecting the oocyte and embryo from damage. SOD is responsible for dismutation of O2- to H~2~O~2~ and oxygen, and next, CAT and GPX reduce H~2~O~2~ to water and oxygen. In the present study, the significantly increased activity of GPX in response to 10mg/kg/d of melamine might be an early attempt to protect the ovaries from melamine-induced oxidative stress. However, the high dose of melamine group was significantly lower than the low dose group, which agrees with the report that the accumulated H~2~O~2~ can accelerate the degradation rate of GPX and results in the decrease of GPX activity \[[@pone.0142564.ref028]\]. In the lower concentration group GPX and SOD were activated. One possibility is that melamine-induced increases in both SOD and GPX activity would decrease accumulation of H~2~O~2~ and cause less damage in antral follicles than high group, but in high dose (50mg/kg/d) group, the antioxidant enzyme SOD which has been shown to play important roles in protecting the ovaries from oxidative damage began to upregulate the mRNA expression. However, the increased mRNA expression did not influence its activity, indicating that the increased mRNA expression would not immediately promote the protein expression or its activation. Therefore, with the reduced activity of SOD, the high dose of melamine overwhelmed the antioxidant system, and then led to a further increased ROS levels. The present data indicate that melamine induces oxidative stress mainly by suppressing the activity of SOD.

Some studies have shown that oxidative stress is one of the important factors for disruption of normal cell proliferation and apoptosis \[[@pone.0142564.ref029],[@pone.0142564.ref030]\], and oxidative stress could induce granulosa cell apoptosis and further cause the follicular atresia, so that damage the oocyte quality \[[@pone.0142564.ref031],[@pone.0142564.ref032]\]. The increased ROS level in melamine-treated oocytes prompted us to examine the follicle development and ovary morphology in melamine-treated mice. As expected, histochemical staining showed the apoptotic granulosa cells, decreased number of normal oocytes and atresic follicles in melamine-treated ovaries. These results revealed that melamine leads to granulosa cell apoptosis and follicular atresia through the oxidative stress pathway. Taken together, we demonstrated that melamine could induce the damage to mouse ovaries via the oxidative stress pathway involved in two regulators SOD and GPX. The detailed mechanism regarding how melamine disrupts the expression of SOD and GPX needs further investigation.

Materials and Methods {#sec008}
=====================

Ethic Statement {#sec009}
---------------

Animal care and use were conducted in accordance with the Animal Research Institute Committee guidelines of Nanjing Agricultural University, China. Mice were housed in a temperature-controlled room with proper darkness-light cycles, fed with a regular diet, and maintained under the care of the Laboratory Animal Unit, Nanjing Agricultural University, China. The mice were killed by cervical dislocation. This study was specifically approved by the Committee of Animal Research Institute, Nanjing Agricultural University, China.

Animals and Treatment {#sec010}
---------------------

The female 4-week-old ICR mice were kept at controlled conditions of temperature (20--23°C), illumination (12-h light-dark cycle) and had free access to food and water throughout the period of the study. Mice were randomly assigned to three groups (n = 40) and were each orally given 0, 10 or 50mg/kg/d of melamine dissolved in water for eight weeks.

The dosage for mice was chosen as previously study. About male mice, melamine had certain toxic effects on testes, especially when ingested in high concentration (50 mg/kg/day)\[[@pone.0142564.ref033]\]. In female mice, melamine had toxic effects on oocyte quality and fertility, especially in high concentration group (50 mg/kg/day)\[[@pone.0142564.ref020]\].

Oocytes were released from the ovaries by a brief exposure to M2 medium. The oocytes were then washed in M2 medium three times. Only oocytes with germinal vesicles were used for the experiment.

Measurement of ROS and Confocal Microscopy {#sec011}
------------------------------------------

ROS labeled with GENMED Intracellular ROS Red Fluorescence Determination Kit (GENMED, Shanghai, China) for 30 min at 37°C in a 5% CO2 atmosphere and stained with Hoechst 33342 (10 μg/ml in PBS) for 10 min. Finally, oocytes were mounted on glass slides and viewed under a confocal laser scanning microscope (Carl Zeiss 700).

Quantitative Real Time Polymerase Chain Reaction (qPCR) {#sec012}
-------------------------------------------------------

Total RNA was extracted from oocytes using a Dynabeads mRNA DIRECT kit (Invitrogen Dynal AS), and first-strand cDNA was generated with a cDNA synthesis kit (Takara) using Oligo (dT) 12--18primers (Invitrogen). Primer sequences are shown in ([Table 1](#pone.0142564.t001){ref-type="table"}).

10.1371/journal.pone.0142564.t001

###### Sequences of primer sets used for gene expression analysis.

![](pone.0142564.t001){#pone.0142564.t001g}

  Gene name                Symbol   Forward primer                   Reverse primer
  ------------------------ -------- -------------------------------- --------------------------------
  Superoxide dismutase     Sod      `5′- AAAGCGGTGTGCGTGCTGAA -3′`   `5′- CAGGTCTCCAACATGCCTCT -3′`
  Glutathione peroxidase   Gpx      `5′- CCTCAAGTACGTCCGACCTG -3′`   `5′- CAATGTCGTTGCGGCACAC -3′`
  Catalase                 Cat      `5′- GCAGATACCTGTGAACTGTC -3′`   `5′- GTAGAATGTCCGCACCTGA -3′`
  Actin,beta               Actb     `5′- GGGCACAGTGTGGGTGAC -3′`     `5′- CTGGCACCACACCTTCTAC -3′`

Assay of Antioxidant Enzyme Activity {#sec013}
------------------------------------

Two mice per group were used to assay the activity of antioxidant enzymes. T-SOD activity was assayed by axanthine oxidase method based on the inhibition of nitrite formation from hydroxylammonium in the presence of O~2~---generators. Absorbance was measured at 550 nm. GPX activity was measured using DTNB method. Absorbance was measured at 412 nm. The decrease in absorbance was directly proportional to the GPX concentration. All detailed procedures were performed according to GSH-PX Determination kit and T-SOD Determination kit (Institute of Biological Engineering, Jiancheng, Nanjing).

Histological Evaluation of Follicles {#sec014}
------------------------------------

The ovaries were collected and fixed in 4% paraformaldehyde with 0.01 M phosphate-buffered saline (PBS) at 4°C overnight. After fixation, the tissues were dehydrated, embedded in paraffin, serially sectioned (5mm), mounted on glass slides, and stained with HE (haematoxylin and eosin). Ovarian sections were scanned under dot Slide-digital virtual microscope. Atretic follicles were identified using standard methods \[[@pone.0142564.ref034]\]; follicles were considered atretic if they contained more than 10 pyknotic nuclei, disorganized granulosa, a degenerating oocyte, or a fragmented oocyte nucleus.

Statistical Analysis {#sec015}
--------------------

The data were expressed as mean ± SE and analyzed by one-way ANOVA, followed by LSD's post hoc test, which was provided by SPSS16.0 statistical software. The level of significance was accepted as p\<0.05.
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